† Background and Aims Intraspecific ploidy-level variation is an important aspect of a species' genetic make-up, which may lend insight into its evolutionary history and future potential. The present study explores this phenomenon in a group of eastern Asian Cardamine species. † Methods Plant material was sampled from 59 localities in Japan and Korea, which were used in karyological (chromosome counting) and flow cytometric analyses. The absolute nuclear DNA content (in pg) was measured using propidium iodide and the relative nuclear DNA content (in arbitrary units) was measured using 4,6-diamidino-2-phenylindole fluorochrome. † Key Results Substantial cytotype diversity was found, with strikingly different distribution patterns between the species. Two cytotypes were found in C. torrentis sensu lato (4x and 8x, in C. valida and C. torrentis sensu stricto, respectively), which displays a north-south geographical pattern in Japan. Hypotheses regarding their origin and colonization history in the Japanese archipelago are discussed. In Korean C. amaraeiformis, only tetraploids were found, and these populations may in fact belong to C. valida. C. yezoensis was found to harbour as many as six cytotypes in Japan, ranging from hexa-to dodecaploids. Ploidy levels do not show any obvious geographical pattern; populations with mixed ploidy levels, containing two to four cytotypes, are frequently observed throughout the range. C. schinziana, an endemic of Hokkaido, has hexa-and octoploid populations. Previous chromosome records are also revised, showing that they are largely based on misidentified material or misinterpreted names. † Conclusions Sampling of multiple populations and utilization of the efficient flow cytometric approach allowed the detection of large-scale variation in ploidy levels and genome size variation attributable to aneuploidy. These data will be essential in further phylogenetic and evolutionary studies.
INTRODUCTION
Polyploidy has long been recognized as an important force in plant evolution. It is a widespread phenomenon that has brought evolutionary advantages to many plant groups (Soltis et al., 2004 (Soltis et al., , 2009 ). The actual frequency of polyploidy in angiosperms is difficult to determine, and although these estimates have varied rather widely from 30 -35 to 80 % (reviewed by Hegarty and Hiscock, 2008) , it is now accepted that the vast majority of angiosperm lineages are of polyploid origin (Soltis et al., 2009) . It has been suggested that roughly 2 -4 % of all speciation events in angiosperms may have involved polyploidization, implying that it is a major mode of sympatric speciation (Otto and Whitton, 2000) . Considerable attention has been focused on allopolyploid speciation, showing allopolyploids to be dynamic and complex systems with high evolutionary potentials (see, for example, Soltis and Soltis, 2000; Wendel, 2000; Osborn et al., 2003; Hegarty and Hiscock, 2008) . Autopolyploidy, in turn, has long been viewed as less frequent and less important, although its role in plant evolution has surely been historically underestimated (Soltis et al., 2007) .
Ploidy variation also exists within species, and it is more frequent than previously anticipated. The occurrence and ubiquity of intraspecific cytotype variation has been documented, especially in recent years, as studies with thorough and intensive sampling that have been greatly enhanced by the use of flow cytometric techniques have accumulated (Kron et al., 2007;  most recently see, for example, Schönswetter et al., 2007a; Suda et al., 2007; Kubátová et al., 2008; Kolář et al., 2009) . Cytotype variation may be geographically structured, with populations mostly consisting of a single cytotype and some overlap among their distribution areas (Baack, 2004; Pannell et al., 2004; Mráz et al., 2008) , but a surprisingly widespread co-occurrence of multiple cytotypes has also been observed within populations (Suda, 2002; Husband, 2004; Suda et al., 2007; Hufft Kao, 2007 Halverson et al., 2008) . Mechanisms by which new cytotypes arise, establish and persist in populations, as well as the ecological and evolutionary consequences of such cytotype coexistence, have still not been well explored and present challenging questions in polyploidy research (Husband, 2004) .
The family Brassicaceae is well known for its large variation in chromosome numbers and the frequent occurrence of polyploidy (reviewed in Marhold and Lihová, 2006) . One of the most prominent examples is Draba, the largest genus of this family (comprising around 355 species), which shows enormous ploidy level variation and increased speciation and polyploidization rates (Jordon-Thaden and Koch, 2008) . Recently, chromosome number data have been reviewed in detail for Cardamine (Kučera et al., 2005; Warwick and Al-Shehbaz, 2006) , which includes around 200 species worldwide, representing one of the most species-rich genera in the family. These surveys have shown that around 64 % of the examined species are polyploid and that ploidy variation exists within species . Despite the considerable species richness in eastern Asia, few studies of chromosome data exist for this part of the genus distribution range (reported only for eight species, with 12 records altogether; Kučera et al., 2005) . Nonetheless, detailed knowledge of chromosome numbers, ploidy level variation and the geographical distribution of multiple cytotypes is crucial for evolutionary studies and phylogenetic inferences, as well as taxonomic revisions in this genus.
The present study focuses on a group of perennial, rhizomatous Cardamine species that typically grow in moist sites near forest streams in Japan, Korea and the Russian Far East. A few chromosome number records (eight in total) have reported diploid to nonaploid levels, indicating polyploidy and also intraspecific variation in ploidy levels (Table 1) . There is considerable confusion and conflict with respect to the taxonomy and nomenclature of these species. On the basis of morphometric analyses, and thorough field and herbarium studies, a new taxonomic concept for this group was recently developed (J. Lihová, H. Kudoh and K. Marhold, unpubl. res.) , which is followed here. The species examined include C. yezoensis, C. schinziana, C. amaraeiformis and C. torrentis sensu lato (s.l.) [comprising two morphologically very close species C. torrentis sensu stricto (s.s.) and C. valida]. C. yezoensis occurs mainly in Hokkaido, extending to the Akita prefecture of northern Honshu in the south and to the southernmost Sakhalin in the north. Within C. torrentis s.l., C. torrentis s.s. grows on the islands of Kyushu, Shikoku, and southern and central Honshu, while C. valida is found in northern Honshu, Hokkaido and possibly also Sakhalin. C. schinziana is endemic to the Hidaka Mountain Range of Hokkaido. C. amaraeiformis, which closely resembles C. valida and may even be conspecific with it (requiring further research), occurs throughout the Korean Peninsula.
The present paper explores the polyploidy and cytotype variation of the above-mentioned taxa. The aims were to: (1) screen chromosome numbers, ploidy levels and genome size variations, and revise previously published karyological records; (2) determine geographical patterns of cytotype variation; and (3) explore if multiple cytotypes coexist within populations. A standard method of chromosome counting was applied and DNA ploidy levels were estimated using flow cytometry. The use of flow cytometry has recently revolutionized several fields of biosystematic research (Kron et al., 2007; Doležel et al., 2007a) . Compared with the traditional methods of chromosome counting, this approach significantly enhances both large-scale assessments of ploidy level variation and distribution, and detailed within-population screening (e.g. Lihová et al., 2007; Schönswetter et al., 2007a, b; Suda et al., 2007; Hufft Kao, 2008; Kolář et al., 2009) .
MATERIALS AND METHODS

Sampling
Material was sampled from 55 localities throughout Japan, covering the whole known distribution area of the studied species, except for their sporadic occurrence in Sakhalin (Appendix and Fig. 1 ). Sampling also included material from the original localities (or localities in their vicinity) from where Cardamine schinziana, C. torrentis s.s. and C. yezoensis and their synonyms were described (see Appendix). In addition, four localities of C. amaraeiformis were sampled in South Korea. The examined species are perennial, with efficient vegetative propagation by stolons, plant fragments and plantlets generated in leaf axils; they grow on river and stream banks, and alluvial sites. Seed dispersal and vegetative spreading can be enhanced by running water, and thus gene flow appears to be more extensive along the same stream than between different ones (our pers. observ.). Most localities sampled here represent separate, geographically distant populations of different streams. In a few cases (indicated in Appendix), populations were sampled on two disjunct sites along the same stream (separated by hundreds of metres and with an altitudinal difference of 90-280 m), which may be characterized by a higher extent of gene flow. From one to 14 living plants were collected at each site. Plants were collected from distinct patches to avoid collecting clones. The plants were transferred into pots in experimental gardens and used for flow cytometric measurements and chromosome counting. They were cultivated in the gardens of the Institute of Botany, Slovak Academy of Sciences in Bratislava (Slovakia), and the Graduate School of Science of Kobe University (Japan). Voucher specimens were deposited in the SAV and the herbarium of Shoei Junior College, Kobe, Japan, and duplicates were distributed to KYO, MAK and TUS (for acronyms see Holmgren et al., 1990) .
Chromosome number counts
Chromosome numbers were counted in metaphase cells of root meristems. Two protocols were followed for the preparation of microscopic slides. (1) Root tips were pre-treated with 0 . 002 mol dm -3 aqueous solution of 8-hydroxyquinoline for 3 -5 h at 4 8C, fixed in a freshly prepared solution of ethanol and acetic acid (3 : 1) for 1 -24 h, and stored in 75 % ethanol. Root tips were then hydrolysed in a mixture of concentrated hydrochloric acid and ethanol (1 : 1) for 3 -5 min, and rinsed with water. Subsequently, root tips were squashed using a cellophane square, and after the cellophane was removed, slides were stained in a 10 % solution of Giemsa stock solution in Sörensen phosphate buffer for 1 h, and rinsed with water ( protocol used by the team in Bratislava).
(2) Root tips were pre-treated with cold water at 0 8C for 24 h, fixed in a freshly prepared solution of ethanol and acetic acid (3 : 1) at 5 8C for 1 h, stained in 2 % acetic-orcein for 3 -4 d and squashed under a cover glass ( protocol used by K. Watanabe in Kobe).
Flow cytometric measurements and estimation of DNA ploidy levels Flow cytometry was used to measure nuclear DNA content and to assess DNA ploidy levels in the studied populations. DNA ploidy levels were inferred on the basis of DNA content measured in plants with known (here counted) chromosome numbers. Whenever possible, at least one individual per species and ploidy level was analysed for both DNA content and chromosome number (see Appendix). The prefix 'DNA' indicates that the ploidy levels were inferred from the measured nuclear DNA content, in some cases also without knowing exact chromosome numbers (Suda et al., 2006) . Absolute nuclear DNA content (in pg) was measured using propidium iodide (PI, a DNA-intercalating fluorochrome), and relative nuclear DNA content (in arbitrary units, a.u.) was measured using the AT-selective DAPI (4 0 ,6-diamidino-2-phenylindole) fluorochrome (Doležel et al., 2007b) . The latter fluorochrome generally provides better resolution and is more appropriate for assessing intraspecific DNA content variation (Shapiro, 1995) . For the absolute DNA content, Lycopersicon esculentum 'Stupické polní tyčkové rané' (2C ¼ 1 . 96 pg, Doležel et al., 1992) and Bellis perennis (Schönswetter et al., 2007b) were used as internal standards. The nuclear DNA content of Bellis was calibrated against Lycopersicon (mean 2C ¼ 3 . 38 pg, based on three replications on different days). The relative DNA content was measured with L. esculentum as a primary standard and, in order to avoid overlap between sample and standard peaks that appeared in a few cases, Bellis perennis and samples JP 124-8 and JP 78-1 of C. yezoensis and C. schinziana, respectively, were used as secondary standards. The genome size of the secondary standards was calibrated against the primary standard, based on a minimum of three replicates performed on different days.
Tissue from a fresh young leaf of each analysed individual was co-chopped with leaf tissue from the internal standard in 0 . 5 mL ice-cold Otto I buffer (0 . 1 M citric acid monohydrate, 0 . 5 % Tween 20; Otto, 1990 ) using a razor blade. The resulting suspension of nuclei was filtered through a nylon mesh (42 mm), and after short incubation, 1 mL of staining solution was added to the flow-through fraction. The staining solution consisted of Otto II buffer (0 . 4 ). After incubation for 10 min at room temperature, the fluorescence intensity of 5000 particles (stained nuclei) was measured in Partec PA II flow cytometer (Partec GmbH, Münster, Germany) equipped with an argon ion laser (used for PI measurements) and HBO-100 mercury arc lamp (for DAPI measurements). Flow cytometric histograms were evaluated using Partec FloMax software (v. 2 . 4d; Partec GmbH).
Nuclear DNA content (in pg and a.u.) was determined from the ratio of G 1 peak positions of the sample (analysed individual) and the standard. The coefficient of variation (CV) was calculated for both the internal standard and the sample. For each sample, three independent measurements were performed on different days in order to estimate between-run variation and to guarantee reliability of the results. Differences in the values measured on different days were recorded as the standard errors of the means, and expressed as a percentage of the mean value. Correlation coefficients (both Pearson and non-parametric Spearman coefficient) were also calculated for the values of absolute (PI-based) and relative (DAPI-based) DNA content measured from the same set of plants. To test for differences in the monoploid DNA content, species/ploidy level mean values were compared using the Tukey-Kramer test (Tukey test for unequal sample sizes; Zar, 1999; SAS Institute, 2007) . Furthermore, if considerable differences in DNA content values were recorded for samples within ( presumably) the same ploidy level, they were tested in simultaneous runs. Histograms with two clearly separated or bifurcated peaks in such cases are regarded as strong evidence for true differences in DNA content (Greilhuber, 2005; Pecinka et al., 2006; Š marda and Bureš, 2006) .
RESULTS
Chromosome number counts
Metaphase chromosomes were counted from a total of 101 plants sampled from 46 populations (Appendix).
In Cardamine torrentis s.l., tetraploids (2n ¼ 4x ¼ 32, Fig. 2G ) and octoploids (2n ¼ 8x ¼ 64, Fig. 2E , F) were found in six (11 plants) and ten (22 plants) populations, respectively. Following the adopted taxonomic treatment, tetraploids correspond to C. valida, while octoploids correspond to C. torrentis s.s. In addition, in two tetraploid populations from Hokkaido, plants with 2n ¼ approx. 33-34 (JP 117) and 2n ¼ 33 (JP 118) were observed. These may represent aneuploids (hypertetraploids) or plants with B chromosomes. The presence of B chromosomes has not previously been confirmed in Cardamine, while aneuploids are commonly reported in some species (e.g. the C. pratensis group, see Lihová and Marhold, 2006) . In the absence of definitive evidence, we tentatively consider these plants with supernumerary chromosomes to be aneuploids. In population JP 118, a single hexaploid (2n ¼ 48) individual was also detected, probably originating from an unreduced gamete.
In C. amaraeiformis, only the tetraploid (2n ¼ 4x ¼ 32) cytotype was found. In populations K 3 and K 6, (likely) aneuploids with 2n ¼ 33 (Fig. 2H ), 2n ¼ approx. 33-34 and 2n ¼ 34 were also observed.
Cardamine yezoensis was found to consist predominantly of hexaploid plants with 2n ¼ 6x ¼ 48 ( Fig. 2A) . This chromosome number was confirmed in 35 plants originating from 17 populations.
plants were present at a lower frequency. The sympatric occurrence of two or even three cytotypes was encountered in three populations (JP 56, JP 120 and JP 69, see Appendix).
In C. schinziana, hexaploids (2n ¼ 6x ¼ 48; Fig. 2C ) were identified in four populations (seven plants), and in population JP 77 an octoploid individual (2n ¼ 8x ¼ 64; Fig. 2D ) was found.
Previously published records of chromosome numbers are listed in Table 1 . Revision of voucher specimens (when available) or populations from the given localities revealed that the original determination was often erroneous. The chromosome numbers reported are consistent with the present data, except for a report of heptaploidy (2n ¼ 56) in C. torrentis s.s.
Flow cytometric measurements and estimations of DNA ploidy levels
Relative DNA content (DAPI-based analyses) was measured in 164 plants, and absolute DNA content (PI-based) determined for 155 plants. For most samples (132 individuals originating from 48 populations), both the relative and the absolute values were determined (Appendix). In most cases, flow cytometric analyses yielded high-resolution histograms (see Fig. 3 ). For DAPI-based measurements, the average CV for the samples was 2 . 27 % (range 1 . 33-5 . 37 %), and the CV of the standards was 2 . 04 % (range 1 . 27-4 . 47 %). For PI-based measurements, the CV of the samples was 4 . 76 % (range 1 . 42-9 . 79 %), and the CV of the standards was 3 . 63 % (range 1 . 18-7 . 98 %). The CV values of PI-based measurements were slightly higher than those proposed by Doležel et al. (2007b) ; nevertheless, the standard errors of the means of three repeated measurements, expressed as a percentage of the mean value, did not exceed 2 % in PI measurements and 1 . 5 % in DAPI measurements. This indicates that the data are precise and reliable.
The correlation between the absolute and relative DNA content values obtained for 132 plants was very high (Pearson r ¼ 0 . 995, P , 0 . 0001; Spearman r ¼ 0 . 946, P , 0 . 0001).
In several cases, considerable variation in fluorescence intensities was observed, even among individuals of the same ploidy level. Simultaneous analyses of such individuals yielded histograms with clearly separated or bifurcated peaks (Fig. 3E, F ) and confirmed that these differences reflected true variation (see also below).
Cardamine torrentis s.l. The absolute DNA content was measured in 51 individuals, and the relative DNA content was assessed in 56 individuals, from a total of 20 populations examined (Appendix, Table 2 ). The values obtained fell into two distinct classes, which, on the basis of data from karyologically analysed individuals, can be assigned to the tetraploid and octoploid cytotypes, representing C. valida and C. torrentis s.s., respectively (see Appendix, Table 2 ). All populations were uniform, with no sympatric occurrence of multiple ploidy levels. Within both ploidy levels, considerable variation in DNA content values was found, as detected by both the DAPI and the PI analyses (Table 2 ). This variation reflects true differences, as shown by histograms obtained from simultaneous runs (Fig. 3E) , and can be attributed to the presence of aneuploidy. Indeed, supernumerary chromosomes were karyologically detected at the tetraploid level. Among the tetraploids, the greatest divergence was in populations JP 117 (8 %) and JP 118 (7 %), which both contained aneuploid individuals (Appendix, Fig. 3E ). There was also considerable variation at the octoploid level, although this was (with an exception of population JP 96) between (rather than within) populations (Appendix).
Cardamine amaraeiformis. Both the absolute and the relative DNA contents were measured in ten plants that were sampled from four South Korean populations (Appendix, Table 2 ). In all plants, a single DNA-ploidy level was inferred. Based on chromosome counting, this represents tetraploids. The considerable fluorescence divergence, which was as high as 9 % within populations and 16 % in total (Appendix, Table 2 ), was apparently due to the presence of aneuploids (hypertetraploids). Indeed, two karyologically confirmed aneuploids, with 2n ¼ 34 and 2n ¼ 33-34, had fluorescence values at the upper limit of the measured range.
Cardamine yezoensis. The absolute DNA content was measured in 78 individuals, and the relative DNA content was determined for 83 individuals, which were sampled from 23 populations altogether (Appendix, Table 2 ). Extensive variation in fluorescence intensities was found both among and within populations, confirming the presence of several cytotypes and their co-occurrence within populations. Interpretation of Data are summarized for each ploidy level of a given taxon. For hexaploid C. yezoensis, data are given also without JP 135 and JP 136, which most likely also comprise aneuploids. Means of relative DNA content and monoploid genome size are significantly different at P , 0 . 05 (Tukey-Kramer test), unless marked by the same lower-case letter. the resulting histograms was challenging. Five ploidy levels were identified by chromosome counting (2n ¼ 6x, 8x, 9x, 10x and 12x). On the basis of fluorescence intensities, six DNA-ploidy levels (2n 6x, 8x, 10x, 11x and 12x) were inferred in the following way. For two ploidy levels, the hexaploid and decaploid, several plants were identified with both flow cytometric and karyological data. These were used to determine the nuclear DNA content per monoploid genome (the Cx-value, according to Greilhuber et al., 2005) . As a decrease of monoploid genome size with increasing ploidy level is a commonly observed phenomenon (Table 2 ; see also below), the monoploid genome size of hexaploids was used to infer DNA-ploidy levels for lower fluorescence intensity values, and the monoploid genome size of decaploids was used to interpret the higher values. All of the DNA-ploidy levels inferred in this way were also determined by chromosome counting (Appendix), except for 2n 11x. DNA-enneaploids (2n 11x) were found in three populations, JP 133, JP 134 and JP112.
The vast majority of plants of C. yezoensis were DNA-hexaploids (72 % in DAPI-based and 73 % in PI-based measurements), and they were found in 19 populations (Fig. 1) . Second most common were DNA-decaploids (19 % in DAPI-based and 12 % in PI-based measurements), which were found in six populations. All other DNA-ploidy levels were relatively rare (Table 2) . Co-occurrence of up to four different cytotypes was found in seven populations (Appendix, Fig. 1 ). All higher ploidy-level cytotypes (2n 8x and higher) were found exclusively in mixed ploidy-level populations.
There was considerable variation in fluorescence intensity, even within the DNA-hexaploids of C. yezoensis. The divergence in PI-based analyses was 19 . 08 %, and in DAPI-based analyses was 16 . 47 %. The variation was illustrated and confirmed by simultaneous analyses that yielded histograms with double peaks (Fig. 3F) . Much of this variation was found in two populations (JP 135 and JP 136 from northern Honshu), and when these two are excluded, the divergence decreases to 13-14 % (Table 2) , which is comparable with the variation within the cytotypes of C. torrentis s.l. We assume that the higher DNA content values observed in populations JP 135 and 136 may be due to a past or recent hybridization with plants of higher ploidy levels growing in adjacent populations, or possibly within the studied populations (although such individuals were not detected). The variation within higher DNA-ploidy levels was considerably lower, although this may be due to the smaller sample size.
Cardamine schinziana. The absolute DNA content was measured in 16 individuals, and the relative DNA content was determined for 15 individuals, which were sampled from six populations altogether (Appendix, Table 2 ). Two DNA-ploidy levels were inferred, in accordance with the chromosome counts: DNA-hexaploids and DNA-octoploids. No sympatric intra-population occurrence of both cytotypes was observed. The DNA-hexaploids largely prevailed, and DNA-octoploids were found in only one population, JP 77 (Appendix). In hexaploids, fluorescence divergence higher than expected from the instrumental drift was observed (14 . 82 % divergence for PI-based and 10 . 7 % for DAPI-based measurements). We assume that this variation was due to the presence of aneuploids, although aneuploids were not detected by chromosome counting. Table 2 compares the nuclear DNA content calculated per monoploid genome between the species and cytotypes. Between-species comparisons show that C. yezoensis and C. schinziana have similar monoploid genome sizes (at hexaploid levels), as do the tetraploid cytotypes of C. torrentis s.l. and C. amaraeiformis. The latter two species have monoploid genomes that are approx. 1 . 5-times larger than the former two. In both C. yezoensis and C. torrentis s.l., the monoploid genome size decreases with increasing ploidy level. The means of the sizes of the monoploid genome/relative DNA content per monoploid genome are significantly different between tetraploids and octoploids of C. torrentis s.l., and between hexaploids and higher ploidy levels of C. yezoensis (at P , 0 . 05, Tukey -Kramer test; Table 2 ).
Monoploid genome size variation
Cytotype distribution patterns
The two cytotypes of C. torrentis s.l. displayed clear northsouth geographical patterns in their distribution (Fig. 1) . The tetraploids (C. valida) were exclusively found in northern territories (in the Iwate prefecture of northern Honshu and in Hokkaido), while the octoploids (C. torrentis s.s.) occurred in central and southern Honshu, and on Shikoku and Kyushu. No overlap between the areas occupied by these two cytotypes was found, nor was any cytotype mixing within populations. It should be noted that the disjunction seen between the southernmost records of the tetraploids in northern Honshu and the northernmost records of the octoploids in central Honshu is real; based on our herbarium and field surveys, there are no populations of C. torrentis s.l. in the border region of central and northern Honshu.
Chromosome counting and flow cytometric screening revealed six ploidy levels in C. yezoensis. Sixteen populations, distributed across the whole species range in Japan, comprised only hexaploids, while multiple cytotypes were found to coexist in the other eight populations sampled. These populations contained plants of two (five populations), three (two populations) or even four (one population) different cytotypes. Cytotypes were scattered across the species range, without any obvious geographical pattern (Fig. 1) .
DISCUSSION
Cytotype diversity and distribution patterns
Chromosome number counting and flow cytometric screening of DNA-ploidy levels confirmed polyploidy in the East Asian Cardamine species studied. Broad sampling and the use of the efficient flow cytometric approach allowed us to reveal the large cytotype diversity in these species. Previously, there were only a few chromosome number records available, and most of them were based on misidentified material or referred to misinterpreted names (see Table 1 ). Indeed, only a single chromosome number record was definitively attributable to C. yezoensis, suggesting nonaploidy (2n ¼ 72, Nishikawa, 1986 ; see Table 1 ). However, the intraspecific ploidy variation in C. yezoensis was found to be remarkably high. As many as six different cytotypes, ranging from common hexaploids to more rare dodecaploids, were found. We confirmed tetraploidy in C. torrentis s.l. (2n ¼ 32, Kurosawa, 1981 ; probably also Rudyka, 1984;  Table 1 ), but recorded no cases of heptaploidy (2n ¼ 56, as reported in Kurosawa, 1981;  Table 1 ). However, previously unreported octoploids (2n ¼ 64) in C. torrentis s.l. were frequently discovered. No chromosome data records were previously available for C. schinziana and C. amaraeformis. The former species was found to exhibit two cytotypes (hexa-and octoploidy), while C. amaraeformis exhibits only a single ploidy level (2n ¼ 32).
The patterns of cytotype distribution were strikingly different between the studied species. Whereas multiple cytotypes were frequently observed in populations of C. yezoensis, populations of C. torrentis s.l. and C. schinziana appeared to be uniform, generally comprising only a single cytotype (although the data on C. schinziana might be biased due to the low number of populations studied). The only exception was that one hexaploid plant of C. torrentis s.l. was found within an otherwise tetraploid population, which probably indicates an occasional event of unreduced gamete production. Furthermore, whereas the two cytotypes of C. torrentis s.l. grow allopatrically, displaying a prominent north-south geographical pattern, no geographical structure was observed for hexaploids and the higher-ploidy cytotypes of C. yezoensis. Hexaploids, the most common cytotype, grow across the entire area sampled, and the higher-ploidy level cytotypes do not appear to form their own populations, but occur in mixed ploidy-level populations. These cytotype-mixed populations, each containing between two and four distinct cytotypes, make up as much as one-third of the examined populations and were found across the entire species range (Fig. 1) . Apparently, there is a strong tendency towards an increase of ploidy levels in this species. Although the lowest level, the hexaploid, is stable, the higher levels are not, suggesting a scenario of continued polyploidization via a production of unreduced gametes.
According to theoretical models, the coexistence of multiple cytotypes within populations should be unstable and may represent only a transient stage following the immigration or generation of a divergent cytotype. On the basis of the frequency-dependent process described ar minority cytotype exclusion (Levin, 1975; Felber, 1991) , newly generated or immigrated cytotypes are at a disadvantage and will be excluded from the given population, unless some ecological or genetic factors stabilize their persistence. Both theoretical and empirical evidence indicate that increased selfing, vegetative propagation, apomixis, highly restricted pollen and seed dispersal, production of unreduced gametes, phenological shifts, niche divergence or fitness differences may be crucial for maintaining cytotype-mixed populations (Felber, 1991; Thompson & Lumaret, 1992; Maceira et al., 1993; Felber-Girard, et al., 1996; Felber and Bever, 1997; Husband, 2004; Baack, 2005; Hufft Kao, 2007) . Which of these factors explain the common and widespread co-occurrence of multiple cytotypes in populations of C. yezoensis remains an open question. Asexual reproduction, either via vegetative propagation or via apomixis, undoubtedly belongs to the strongest factors stabilizing coexistence of multiple cytotypes (Hufft Kao, 2007) . Admittedly, efficient vegetative propagation, observed in this species by means of plant fragments, plantlets in leaf axils and stolons, plays a significant role, but more intense sampling is needed to explore the relative frequencies of cytotypes within populations and their fine-scale spatial distribution. Also, data on phenology, fitness and the crossing behaviour of individual cytotypes may shed more light on the mechanisms operating in these populations. Based on the overall spatial patterns, we assume that higher-level cytotypes arise repeatedly within populations and that gene flow between cytotypes may also increase the cytotype complexity. Similar cases have indeed been observed in other Cardamine polyploids, in which interspecific and/or inter-cytotype gene flow has resulted in a nearly continuous series of chromosome numbers, both euploid and aneuploid (C. dentata from northern Europe, Lövkvist, 1956 ; hybrid swarms of C. pratensis and C. raphanifolia, Lihová et al., 2007) , as well as in a hybridogeneous species Ixeris nakazonei from Japan and Taiwan, which comprises six cytotypes (3x to 8x; Denda and Yokota, 2004) .
The high intraspecific cytotype diversity observed in C. yezoensis is rarely found in sexually reproducing vascular plants. A few comparable examples include Cardamine pratensis s.s. from the Iberian Peninsula, in which six ploidy levels (2x to 7x) were determined (Lihová et al., 2003) ; North American C. diphylla, with chromosome numbers spanning from 2n ¼ 78 to 256 (Harriman, 1965) ; or Senecio carniolicus, which exhibits five ploidy levels (2x to 7x) in the eastern Alps . Detailed fine-scale screening of S. carniolicus revealed that the cytotypes are not randomly distributed; altitudinal segregation of the cytotypes was indicated, with a wider ecological amplitude for the diploids compared with the hexaploids (Schönswetter et al., 2007a) . Such studies illustrate the utility of flow cytometry in detecting intraspecific and intrapopulation variation and emphasize the need for both broad-and fine-scale population screening, which may provide revolutionary insights into the evolutionary dynamics of polyploids.
Origin and biogeography of Cardamine torrentis s.l.
The two cytotypes of Cardamine torrentis s.l. occupied clearly distinct ranges with no contact zone. Such strong spatial segregation might be due to several factors. Baack (2004) , for instance, pointed to three non-exclusive hypotheses to explain the apparent cytotype segregation in Ranunculus adoneus: ecological differentiation, also often observed in other species (see, for example, Rothera and Davy, 1986; Felber-Girard et al., 1996) ; reproductive exclusion (Levin, 1975) ; and historical factors coupled with dispersal limitation. The area occupied by C. torrentis s.l. spans a broad range of climatic conditions, and environmental variables can be strikingly different between its northernmost and southernmost localities (Yoshino, 1980) . Although it can be characterized as a temperate to cold temperate species complex, in southernmost areas (Kyushu, Shikoku, southern Honshu) it is restricted to higher altitudes and/or cold deep valleys (our pers. observ.), and detailed ecological surveys and cultivation experiments will be needed in the future to specify the precise ecological niches of its cytotypes. Nevertheless, inferring from the knowledge of the origin of the flora of Japan, and recent phylogeographical studies from this area, we assume that historical factors, mainly the climatic oscillations and sea-level regression of the Late Pleistocene, may have played a key role in the development of the cytotype distribution pattern.
Although it is has been determined that approximately 40 % of Japanese plant species are endemic, most of the flora of Japan apparently originated on the Asian continent and colonized Japan via northern (Sakhalin, the Kuril Archipelago) or southern (the Korean Peninsula, Ryukyu Isles) routes (Hotta, 1974; Maekawa, 1974; Murata, 2000) . We can assume that C. torrentis s.l. or its immediate progenitor originated in the easternmost part of mainland Asia. First, there are no related diploids in Japan, and second, the morphologically and genetically closest relative appears to be diploid C. amara (Carlsen et al., 2009) , which is distributed throughout Europe and extends to West Siberia (Doron'kin, 1994; Malyshev et al., 2003) . There are, however, diploid chromosome data that have been reported for plants resembling C. amara in Sakhalin (Sokolovskaya, 1960; Probatova and Sokolovskaya, 1988;  erroneously determined as C. yezoensis, see Table 1 ). Alternatively, we can hypothesize that some diploid progenitors of C. torrentis s.l. may have originally occurred in Japan, but have gone extinct during the Pleistocene.
We can hypothesize that the tetraploid cytotype of C. torrentis s.l. arose either through genome doubling (autopolyploidy) or interspecific hybridization (allopolyploidy) with the contribution of C. amara s.l. The climatic oscillations of the Late Pleistocene may have been a key factor in its spread into and establishment within Japan. Sea-level regressions during that time created land bridges in the straits of Soya (between Hokkaido and Sakhalin) and in Tsugaru (between Honshu and Hokkaido), connecting Japan to the Eurasian continent (Minato and Ijiri, 1984) . The land connections and climatic cooling probably allowed many plant species from the Asian mainland to spread southward and colonize Japan. This scenario can also be expected for C. torrentis s.l.; the tetraploid probably colonized northern Japan from some northern mainland territories (Sakhalin or other territories of the Russian Far East), and gave rise to octoploid populations of C. torrentis s.l., through either autopolyploidy or allopolyploidy. These octoploids then spread to more southern areas of the Japanese archipelago. During the glacial period(s), the octoploid populations may have been widespread, but during interglacial and postglacial periods, they probably retreated to colder habitats at higher altitudes and the deep, cool valleys where they are currently found. As in other plant species (Cain et al., 2000) , apart from land bridges, longdistance dispersal may have played a considerable role in the ( post-)glacial spread of C. torrentis s.l.
The distribution pattern seen in the cytotypes of C. torrentis s.l. is not rare among Japanese plants. It coincides with one of the two major phylogeographical patterns identified for Japanese species: differentiation in a north-south direction, with one intraspecific lineage located in Hokkaido, often extending to northern Honshu, and the other inhabiting central Honshu and stretching to Shikoku and Kyushu islands (Tsuda and Ide, 2005; Fujii and Senni, 2006; Okaura et al., 2007; Ikeda et al., 2008; Koga et al., 2008) The distribution of the two haplotype groups was also resolved within the cold-adapted and submerged herbaceous species of Ranunculus subgen. Batrachium. It coincides very well with the distribution ranges of the two cytotypes of C. torrentis s.l. (Koga et al., 2008) . Two colonization routes from the Asian continent to Japan, via a southern and a northern land bridge, as well as northeast-southwest orientated mountain ranges of the Kanto and Chubu districts (central/northern Honshu), forming a definite barrier for gene flow, are invoked to explain such congruence in phylogeographical patterns (Fujii and Senni, 2006) .
Finally, considering the overall morphological similarity (J. Lihová, H. Kudoh and K. Marhold, unpubl. res.) and the existence of the same monoploid genome size in C. amaraeiformis and tetraploid C. torrentis s.l., we speculate that they have the same polyploid origin and may even belong to the same taxon. The tetraploids were presumably established on the eastern Asian mainland (see above) and may have migrated during the glacial period not only to Japan, but also to north-east China and the Korean Peninsula. Such a migration route was also hypothesized for Asarum sect. Asiasarum (Yamaji et al., 2007) . The closest relative of the boreal A. heterotropoides var. heterotropiodes, which is distributed across Hokkaido, the northernmost part of Honshu, southern Sakhalin and the southern Kurils (a distribution similar to that of tetraploid C. torrentis s.l.), is A. versicolor, which is found in central Korea (as C. amaraeiformis).
Nuclear DNA content variation
When multiple individuals were analysed, considerable variation in fluorescence intensity was recorded within several cytotypes of the studied species (Table 2 ). The intracytotype variation should be considered to be reliable, and we have ensured that it was not caused by artefacts such as instrumental drift or metabolite interference. We are confident in these results for several reasons: (1) reasonably low CV values and standard errors of the means of three repeated measurements for each individual were obtained; (2) analyses based on two different fluorochromes (PI and DAPI) gave consistent and highly correlated data; and (3) simultaneous analyses of individuals of the same cytotype, but with divergent DNA content values, yielded histograms with one bifurcated or two separate peaks ( Fig. 3E, F; see Greilhuber, 2005) .
At least part of this variation can be explained by aneuploidy, i.e. duplication of one or two chromosomes, which has been confirmed through chromosome counting in tetraploid plants of C. torrentis s.l. and C. amaraeiformis. Although it was not directly observed at higher ploidy levels or in C. yezoensis, DNA content variation due to aneuploidy most likely occurs also here. Furthermore, gene flow across ploidy levels, assumed to occur in C. yezoensis (see above), may result in individuals with irregular chromosome numbers, increasing the complexity of the cytotype variation within populations. This phenomenon has also been observed in other polyploid complexes of Cardamine (Lövkvist, 1956; Lihová et al., 2007) . Although many earlier reports on extensive intraspecific DNA content variation were discarded due to experimental errors (Greilhuber, 1998 (Greilhuber, , 2005 , there have also been cases where such variation was verified (Pecinka et al., 2006; Š marda and Bureš, 2006; Suda et al., 2007) . Determining the sources of this variation, however, is not always straightforward. An intracytotype divergence of 15 . 7 % detected in Senecio carniolicus was attributed to aneuploidy, although this was not recorded by direct chromosome counting. Š marda and Bureš (2006) speculated on the role of retrotransposon activities and sequence elimination to explain variation in Festuca pallens (see also Bennetzen et al., 2005) .
Pronounced decreases in monoploid genome sizes with increases of ploidy levels were observed in C. torrentis s.l. and also to lesser extent in C. yezoensis (Table 2 ). Such trends have been reported for several other taxa (Lysák and Doležel, 1998; Hörandl and Greilhuber, 2002; Pecinka et al., 2006) and have been attributed to partial eliminations of repetitive DNA sequences (Greilhuber, 1998; Hörandl and Greilhuber, 2002) . Indeed, the genome size of polyploids is often not additive relative to their diploid (or lower ploidy) progenitors, but changes towards a lower or a higher (less frequently) genome size are observed, reflecting the dynamic nature of polyploids (Wendel et al., 2002; Leitch and Bennett, 2004) . Despite the ubiquity of genomic processes increasing genome size (mainly polyploidy, gene duplications or amplification of transposable elements), mechanisms suppressing genome expansion are apparently also operating in plants, although they are poorly understood so far (Lysak et al., 2009) .
APPENDIX
Population samples of Cardamine yezoensis, C. torrentis s.l. (comprising C. torrentis s.s. and C. valida), C. amaraeiformis and C. schinziana analysed in this study. Chromosome numbers (2n) are given, followed by the number of plants analysed and the name of the person who performed the count. Flow-cytometric data (FCM measurements) include PI and DAPI data, which refer to 2C values expressed either in pg (absolute DNA content) or in arbitrary units (a.u., relative fluorescence). Data for most populations are arranged in multiple rows; each row gives value(s) for a single plant or several plants of the same ploidy level; the number of analysed plants and intracytotype variation are also indicated, the latter expressed as the max./min. ratio given as a percentage. Analyses referring to cases where the same individual was subjected to both direct chromosome counting and flowcytometric measurements are also given separately, shown in bold type. Localities are arranged geographically. Superscripts in locality codes indicate populations sampled on two disjunct sites along the same stream. 
